Context. During solar flares several types of radio bursts are observed. The fine striped structures of the type IV solar radio bursts are called zebras. Analyzing them provides important information about the plasma parameters of their radio sources. We present a new analysis of zebras. Aims. Power spectra of the frequency variations of zebras are computed to estimate the spectra of the plasma density variations in radio zebra sources. Methods. Frequency variations of zebra lines and the high-frequency boundary of the whole radio burst were determined with and without the frequency fitting. The computed time dependencies of these variations were analyzed with the Fourier method. Results. First, we computed the variation spectrum of the high-frequency boundary of the whole radio burst, which is composed of several zebra patterns. This power spectrum has a power-law form with a power-law index -1.65. Then, we selected three welldefined zebra-lines in three different zebra patterns and computed the spectra of their frequency variations. The power-law indices in these cases are found to be in the interval between -1.61 and -1.75. Finally, assuming that the zebra-line frequency is generated on the upper-hybrid frequency and that the plasma frequency ω pe is much higher than the electron-cyclotron frequency ω ce , the Fourier power spectra are interpreted to be those of the electron plasma density in zebra radio sources.
Introduction
Zebra patterns (or zebras) are particularly fine structures that are observed in some type IV radio events in a very broad frequency band (see for example, Slottje 1972 Slottje , 1981 Aurass & Chernov 1983; Jiřička et al. 2001; Aurass et al. 2003; Chernov et al. 2003; Chen et al. 2011, and others) . The zebras are believed to be an important source of information on plasma parameters and processes in solar flares, but that depends on the model used.
To explain zebras, many mechanisms have been proposed (Kuijpers 1975; Zheleznayakov & Zlotnik 1975; Chernov 1976; Mollwo 1983; Winglee & Dulk 1986; Ledenev et al. 2001; Yasnov & Karlický 2004; Bárta & Karlický 2006; LaBelle et al. 2003; Kuznetsov & Tsap 2007; Zlotnik 2013) ; for a review of these models, see Chernov (2010) .
The most frequently used model assumes that the zebra line emission occurs at the double plasma resonance
where ω UH , ω pe , and ω ce are the upper-hybrid, electron-plasma, and electron-cyclotron frequencies, and s is an integer harmonic number (e.g. Zlotnik 2013). However, there are also models based on interferometric effects (Bárta & Karlický 2006; Ledenev et al. 2006) , trapping of the upper-hybrid waves in density resonators (LaBelle et al. 2003) , and the ion-cyclotron maser (Treumann et al. 2011) . Recently, Karlický (2013) proposed a model that considers the emission at the double upper-hybrid frequency, but the zebra lines are formed by a modulation of the emission by the magnetohydrodynamic wave.
Zebras are characterized not only by zebra lines, but also by the frequency variations of these zebra lines, especially in longduration zebras, see for example, Chernov et al. (1998) , Ning et al. (2000) , and Chen et al. (2011) . Similar frequency variations were found also for the lace bursts, which were given this name because of their lace-like form in the radio spectrum. The lace bursts are characterized by distinct high-frequency boundaries and their rapid frequency variations; see Karlický et al. (2001) , where the power spectra of these variations were computed.
In the present paper, we used the same idea as for the lace bursts and compute the power spectra of the zebra frequency variation. Then we interpret these spectra as the spectra of plasma density variations in zebra radio sources.
The paper is organized as follows: in Sect. 2 we describe the data and analyze them. Section 3 summarizes the results. Finally, in Sect. 4 we discuss our results.
Data and analysis
On 1 August 2010, during the GOES C3.2 flare (start 07:55 UT, maximum 08:26 UT, and end 09:35 UT), at 08:16:40-08:26:40 UT the Ondřejov radiospectrograph (Jiřička & Karlický 2008) recorded the radio spectrum shown in Fig. 1 . The time and frequency resolution is 0.01 s and 4.7 MHz, respectively. The radio burst presented in this figure consists of several intervals with zebras. We selected the three longest and most distinct recorded zebras (see the three short white lines in Fig. 1 and the enlarged radio spectra in Figs. 2-4). First, we determined a time dependance of the frequency variation of the high-frequency boundary of the whole burst. We selected some threshold in the radio emission flux that cuts the burst at some level. This cutting line gives us the high-frequency boundary of the burst. The threshold was selected in such a way that the resulting high-frequency boundary limits the selected zebras from the high-frequency sides. No frequency fitting was used in this long-duration burst (10 min), that is, the frequency resolution is the same as in the radio spectrum. The computed high-frequency boundary of the whole burst is shown in the upper part of Fig. 5 .
Then we selected one very long zebra line in each of the selected zebras (Figs. 2-4 ) and computed its frequency variation in dependence on time. In these short-lasting cases (several seconds) we used a fitting procedure to increase the frequency resolution. We used the program that in each time step shows the frequency spectrum profile and positions of all maxima at this frequency profile through out the whole radio spectrum. This enabled us to find the frequency channel whose radio flux maximum corresponds to the selected zebra-line and also the radio fluxes in nearby channels. These radio flux values were then fitted by a Gaussian function, and we determined the central frequency of this Gaussian function. This gave us frequency variations of the selected zebra-line with an enhanced frequency resolution. The computed frequency variations are superimposed on the zebra radio spectra, see the full line in Figs. 2-4. 
Results
First, we computed the Fourier power spectrum of the frequency variations of the high-frequency boundary of the whole burst. The Fourier spectrum has a power-law form with a power-law index of about -1.65 (Fig. 5) . Then we computed the Fourier spectra of the frequency variations of the selected three zebra lines. The results are shown in Figs. 6-8 as full lines. It is interesting that the power-law indices of the Fourier spectra of these zebra lines occur in the interval between -1.61 and -1.75, that is, close to −1.65 determined for the whole burst (Fig. 5) . 
Discussion and conclusions
We presented the Fourier spectra of frequency variations in solar radio zebras. These spectra were found to have a power-law form with power-law indices in the interval from -1.61 to -1.75. We found that the power-law index of the frequency variations in the whole burst with zebras is similar to those determined in selected zebra lines. This indicates that the same physical process causes the frequency variations in the whole burst and in zebras.
The Fourier spectra are power-law spectra, but at high frequencies the spectra are flat (in Fig. 5 above 3 Hz, in Figs. 6 and 8 above 10 Hz, and in Fig. 7 above 30 Hz). This is probably caused by a different noise level in the computed curves of the frequency variations. This agrees with the finding that the zebra lines shown in Fig. 3 are more distinct than those in Figs. 2 and 4.
The computed power-law indices are lower than those computed for the lace bursts (-1.88 to -2.13) in Karlický et al. (2001) .
We assumed in the standard model that zebras are generated in the upper-hybrid frequency ω UH and that the plasma frequency ω pe is much higher than the electron-cyclotron frequency ω ce in solar-flare conditions. Thus, relation (1) gives ω UH ≈ ω pe . Then, using the relation n e ∼ ω 2 pe , the frequency variations can be recalculated to those of the electron plasma density n e . We analyzed these recalculated data with the same Fourier method and show their power spectra with dashed lines in Figs. 6-8. As seen here, the power-law indices are the same as those for the frequency variations. The power-law indices in plasma density variations are close to the Kolmogorov turbulence spectral index (-1.66 ). This indicates that the plasma in the zebra radio sources is in turbulent state.
Our method shows a way to determine the power spectra of the electron plasma density in zebra radio sources. The disadvantage of this method is that the zebra lines are typically short and sometimes interrupted. On the other hand, we showed that a similar power-law index was found also for the whole burst with zebras, therefore in principle some bursts with zebras and a variable high-frequency boundary of the burst emission (like the burst shown in Fig. 1 ) could be used for this purpose.
Measurements of the density variations are basic in-situ procedures in any space mission. Thus, our results can be compared with those measured by spacecraft, for instance, in the solar wind (Šafránková et al. 2013) . The density spectra in solar wind are also power-law spectra with a power-law index of about -1.48 in the low-frequency range (below about 0.5 Hz). At higher frequencies the spectrum is much steeper. The power-law index is -3.44. In comparison, our solar density spectra are powerlaw spectra until about 10 Hz. In these solar spectra there is no change of the spectral index similar to that in the solar-wind spectrum. However, many more examples of the solar density spectra are needed.
